), and U14 base-pairs with 18S sequences (Liang and Fournier, 1995) , but neither and Manuel Ares, Jr. Center for the Molecular Biology of RNA of these interactions occurs adjacent to a cleavage site. The requirement for several snoRNAs in pre-18S rRNA Biology Department Sinsheimer Laboratories processing has led to the hypothesis that a multi-snRNP processing complex akin to the spliceosome is responUniversity of California, Santa Cruz Santa Cruz, California 95064 sible (for reviews see Maxwell and Fournier, 1995; Bachellerie et al., 1995). As more snoRNAs have been identified, a striking pattern of extensive complementarity with rRNA has emerged, leading to discussion of the hypothSummary esis that snoRNAs assist correct folding of rRNA (Bachellerie et al., 1995; Steitz and Tycowski, 1995 sible for a nonessential cleavage in the formation of the 5Ј end of 5.8S rRNA in yeast (Schmitt and Clayton, 1993; 
Only the C-terminal segments of the yeast proteins are shown and are aligned with the complete E. coli RNase III sequence. Additional identity and similarity exists between the two yeast proteins but is not indicated. Secondary structure elements of the double-stranded RNA-binding domain derived by nuclear magnetic resonance of E. coli RNase III (Kharrat et al., 1995) are indicated below the sequence. (B) Cleavage of dsRNA in vitro by recombinant GST-RNT1. A double-stranded RNA (arrow, dsRNA, lane ds) and a single-stranded RNA (arrow, ssRNA, lane ss) were incubated with the GST-RNT1 fusion protein or with glutathione S-transferase (GST) as a control and fractionated on a nondenaturing polyacrylamide gel. Time of incubation in minutes is shown on top. Arrows indicate the position of migration of the double-stranded and singlestranded RNA substrates. The band indicated by the asterisk is a differently folded form of ssRNA.
Results
the 11 amino acid signature sequence with a HIS3 gene. A diploid strain carrying one wild-type and one disrupted copy of RNT1 was sporulated and subjected to tetrad An Essential Yeast Gene Encodes a Double-Strand-Specific Ribonuclease analysis. No more than two spores from each tetrad could form colonies, and the viable colonies never carHomologous to Bacterial RNase III Sequencing of Saccharomyces cerevisiae DNA adjacent ried the HIS3 gene that marks the disrupted RNT1 locus, indicating that RNT1 is an essential gene in S. cerevisiae to the CUS1 gene (Wells et al., 1996) revealed a homolog of E. coli RNase III (March et al., 1985) and Schizosac-(data not shown). charomyces pombe pac1, an RNase III homolog (Xu et al., 1990; Iino et al., 1991 To analyze the function of eukaryotic RNase III, we isolated a temperature-sensitive allele (rnt1-1) that suprepresenting the C-terminal half of the RNT1 protein (RNT1) shows 20% identity with full-length E. coli RNase ports growth at 26ЊC but not at temperatures higher than 30ЊC. We used the rnt1-1 allele to monitor the effect III and 23% identity with the C-terminal half of pac1 ( Figure 1A ). An identical 11 amino acid sequence (HNERof RNase III inactivation on the processing of rRNA. Wild-type or temperature-sensitive cells grown at 26ЊC LEFLGDS) is present in the three proteins. In addition, residues consistent with a double-stranded RNA-bindwere shifted to 37ЊC, and total RNA was extracted (Figure 2) . When RNA samples derived from an equivalent ing domain (Bass et al., 1994) similar to that found in E. coli RNase III (Kharrat et al., 1995) are observed at the dry mass of cells were separated on a denaturing gel and compared by ethidium bromide staining, we found C-termini of the proteins.
To examine the ability of RNT1 to cleave dsRNA, the that the rRNA content of rnt1-1 cells decreased after the shift, indicating that RNT1 was necessary for the RNT1 coding region was fused to glutathione S-transferase (GST), expressed in an RNase III Ϫ E. coli strain, maintenance of mature rRNA. By 4 hr after the shift, mature rRNA species were greatly reduced, whereas and purified using glutathione agarose. When incubated with a mixture of labeled synthetic duplex RNA (dsRNA) the level of total tRNA remained constant (data not shown). Cell growth was arrested within 2 hr after the and single-stranded RNA (ssRNA) substrates, the GST-RNT1 fusion protein preferentially cleaved the dsRNA temperature shift (data not shown), suggesting that depletion of ribosomes was not the primary cause of without significantly cleaving ssRNA, whereas GST alone cleaved neither the dsRNA nor the ssRNA (Figgrowth arrest.
To determine which processing events are perturbed ure 1B).
To investigate the function of eukaryotic RNase III in by the inactivation of RNase III, we identified transcripts that accumulate under restrictive conditions. Wild-type vivo, a null allele of RNT1 was constructed by disrupting that the 20S precursor of 18S rRNA does not accumulate (data not shown).
When a probe complementary to 5.8S rRNA is used (probe B), mature 5.8S rRNA and the normal 27S prerRNA intermediates containing the 5.8S, ITS2, and 25S rRNA sequences are detected in wild-type cells and in rnt1-1 cells at permissive temperature ( Figure 3B ). In rnt1-1 cells at restrictive temperature, the 35S rRNA precursor is detected, as well as unusual elongated forms of the 27S intermediates (designated 27S*). To determine whether 27S* is 3Ј extended, we tested a probe complementary to a sequence downstream of the mature 3Ј end of 25S rRNA (from position ϩ96 to ϩ112 relative to the 25S 3Ј end; probe C). The 35S transcript and the 27S* forms of the 27S rRNA intermediates are ( Figure 3C ) would suggest that removal of ITS2 and 5.8S from the 27S* transcript continues. A transcript containing part of 25S and the 3Ј extension is found or rnt1-1 cells were shifted to 37ЊC, and equal amounts in the mutant at restrictive temperature (transcript X); of total RNA from each timepoint were separated, blotpresumably, this is a stable degradation product of ted to nylon membranes, and probed with oligonucleofailed rRNA processing. tides complementary to different parts of the pre-rRNA transcript (Figure 3 ). Probe A recognizes the 5Ј ETS upstream of A0, a U3-dependent processing site that is Inactivation of RNase III Blocks Cleavage at A0 and at a Site in the 3 ETS cleaved early in the processing pathway. Significant and rapid accumulation of a large (35S) pre-rRNA and slower
We monitored processing events in the 5Ј and 3Ј ETSs of pre-rRNA from RNT1 and rnt1-1 strains shifted to accumulation of a 23S transcript containing 18S rRNA sequences occurs in the rnt1-1 strain after temperature 37ЊC. Cleavage at A0 in the 5Ј ETS was monitored using a primer complementary to the 3Ј end of the 5Ј ETS, shift ( Figure 3A) . Loss of 18S rRNA and accumulation of a 23S RNA is observed upon depletion of several just upstream of the mature 5Ј end of 18S rRNA. This primer detects the 5Ј end of the unprocessed 5Ј ETS as snoRNAs (Tollervey, 1987; Hughes and Ares, 1991; Li et al., 1990; Morrissey and Tollervey, 1993; Beltrame et well as the A0 cleavage site (Hughes and Ares, 1991; Beltrame et al., 1994) . After the temperature shift, the al., 1994) and indicates that cleavage at A0 and A1 is inhibited. An 18S probe confirms this and further shows signal corresponding to A0 cleavage decreased rapidly complementary to the 3Ј end of ITS1 and to the 5Ј end of 5.8S rRNA indicate that RNA ends consistent with cleavage at the internal processing sites A2, A3, B1 (L), and B1 (S) (Schmitt and Clayton, 1993; Henry et al., 1994) persist in the rnt1-1 mutant at the restrictive temperature (data not shown). Primer extension using oligonucleotides complementary to the 3Ј end of ITS2 do not reveal any processing sites blocked by the inactivation of RNase III (data not shown). Together with the appearance of the 23S, 27S*, and 25S* RNAs (see Figures 3A  and 3C ), these results suggest that, whereas 5Ј and 3Ј ETS processing requires RNase III, sites within the ITSs continue to be recognized by other elements of the processing machinery, for example MRP (Schmitt and Clayton, 1993; Henry et al., 1994) . Although processing may continue at other sites, the overall rate may be too low to prevent detectable accumulation of 35S rRNA (see Figure 3 ) or to produce significant mature rRNA in the absence of RNase III (see Figure 2 ). nucleotide complementary to the 3Ј end of the 5Ј ETS (Beltrame et al., 1994) , and extended with reverse tranand the signal corresponding to the 5Ј end of the prescriptase. To control for A0 processing, total yeast RNA rRNA primary transcript (Klemenz and Geiduschek, was used as a template and a sequence ladder of the 5Ј 1980, Bayev et al., 1980) increased in the rnt1-1 mutant ETS was generated with the same primer, using plasmid strain ( Figure 4A ). This indicates that cleavage at A0 is DNA ( Figure 5B ). GST-RNT1 cleaved the synthetic 5Ј dependent on RNase III.
Yeast RNase III Cleaves a Model 5 ETS Substrate at A0 in the Absence of Other Factors
ETS substrate at three positions identical to those obTo investigate the role of RNase III at the 3Ј end of served at A0 in vivo, generating 5Ј ends at Ϫ89, Ϫ90, 25S rRNA, we performed an RNase protection assay, and Ϫ91 relative to the 5Ј end of 18S rRNA (Figures 5B using a probe that spans the 3Ј end of 25S rRNA and and 5C). Based on this finding and on the observation includes sequences downstream ( Figure 4B ). RNA from that A0 cleavage is blocked in a temperature-sensitive wild-type cells or from rnt1-1 cells grown at permissive
RNase III mutant at restrictive temperature (see Figure  temperature showed a single band corresponding to the 4A), we conclude that RNase III carries out endonucleomature 3Ј end of the 25S rRNA, as well as slightly shorter lytic pre-rRNA processing at A0. bands derived from incompletely protected probe. After incubation of the rnt1-1 strain under restrictive conditions, the signal corresponding to the mature 3Ј end of Yeast RNase III Cleaves a Model 3 ETS Substrate 21 Nucleotides from the 3 End of 25S rRNA the 25S rRNA decreases as a proportion of the total RNA, and two new signals appear that correspond to To test whether the 3Ј ETS contains a yeast RNase III cleavage site, we incubated a labeled synthetic prerRNA transcripts extending 195 and 210 nt past the mature 3Ј end of 25S rRNA ( Figure 4B ). The appearance rRNA spanning the 3Ј end of 25S rRNA and including the 5Ј half of the 3Ј ETS with the GST-RNT1 fusion of these products is consistent with termination at the ϩ210 site (van der Sande et al., 1989) . We conclude that protein ( Figure 6A ). The substrate was cleaved, generating a fragment (P2) consistent with cleavage near the 3Ј correct 25S rRNA 3Ј end formation requires RNase III.
Primer extension experiments using oligonucleotides end of 25S rRNA. To map the cleavage site, we prepared unlabeled substrate containing additional plasmid seminor site between ϩ20 and ϩ21 ( Figures 6B and 6C ). Because we had not mapped the 3Ј ETS processing quence and treated it with GST-RNT1. An end-labeled primer complementary to the plasmid sequence was site(s) inhibited by RNAse III inactivation in vivo (see Figure 4 ), we were unable to judge the accuracy of the annealed and extended with reverse transcriptase, and the products were compared with a DNA sequencing in vitro cleavage in the 3Ј ETS. ladder of the plasmid ( Figure 6B ). A major cleavage site was observed between two G residues at ϩ21 and ϩ22 Discussion relative to the 3Ј end of mature 25S rRNA, as well as a
We have identified an RNase III homolog in S. cerevisiae ( Figure 1A ) and shown that it is a double-strand-specific endoribonuclease ( Figure 1B ) essential for pre-rRNA processing (Figure 2 ). Inactivation of a temperature-sensitive form of yeast RNase III inhibits processing of the 5Ј and 3Ј ETSs and results in accumulation of the primary transcript of the rRNA genes (Figures 3 and 4) . RNase III is required for A0 cleavage, a processing event known to be dependent on snoRNPs (Figures 3 and 4; Maxwell and Fournier, 1995) . In the absence of other factors, a bacterially produced GST fusion of yeast RNase III cleaves a synthetic 5Ј ETS substrate at A0 (Figure 5) , and a synthetic 3Ј ETS substrate 21 nt from the mature 3Ј end of 25S rRNA (Figure 6 ). This defines two specific roles for RNase III in eukaryotic pre-rRNA processing, one of which also requires U3 snoRNA in vivo.
How Does RNase III Cooperate with snoRNAs? and Tollervey, 1995; Liang and Fournier, 1995; Bachelle- sequence of the 3Ј ETS using the same primer is shown on the right. rie et al., 1995; Steitz and Tycowski, 1995) . Also, multiple
The product corresponding to the cleaved RNA is indicated by the snoRNPs are required for processing at some sites arrow.
(Maxwell and Fournier, 1995). Thus, pairing between the (C) Model for the RNA structure surrounding the yeast 3Ј ETS RNase III cleavage site, indicated by the arrow.
snoRNA and the substrate at the cleavage site cannot be a general feature of snoRNA function. Recent work has shown that function of U3 in A0 processing requires U3 base pairing at a site in the 5Ј ETS 125 nt upstream of the A0 processing site (Beltrame and Tollervey, 1995) . The observation that U3 is dispensable for accurate cleavage at A0 in vitro ( Figure 5 ) supports the hypothesis that the role of U3 in A0 cleavage in vivo is limited to a noncatalytic function. One possibility is that the U3 RNA-pre-rRNA interaction may prevent the pre-rRNA from following a nonproductive folding pathway that occludes the RNase III processing site. Alternatively, the interaction could be involved in assembling the prerRNA in a structured preribosomal complex that ensures presentation of the A0 site to RNase III. A third possibility is that RNase III could be bound directly to U3 snoRNP in vivo, and thus, U3 base pairing to the 5Ј ETS (Beltrame and Tollervey, 1995) could serve to deliver RNase III to the processing site. In any case, the role of U3 snoRNA in A0 cleavage is likely to be structural rather than catalytic. cleavage at ϩ650 occurs in a loop region of the 5Ј ETS secondary structure model (Craig et al., 1991) . The addition of RNA oligonucleotides complementary to the pro-ϩ15 to ϩ50, followed by exonucleolytic trimming to a cessing site or substrate mutations predicted to bury metastable intermediate terminating at ϩ7 (Veldman et the cleavage site in a duplex region blocks processing, al., 1980), and then finally to the mature 3Ј end. Since suggesting that the ϩ650 site may be cleaved by a RNase III is required for 3Ј ETS removal in vivo (Figures single-strand-specific nuclease (Craig et al., 1991) . A 3C and 4B) and cleaves the 3Ј ETS in vitro (Figure 6 ), purified nucleolar endonuclease with a single-stranded we propose that endonucleolytic cleavage by RNase III specificity is reported to cleave at ϩ650 among other within a stem loop in the 3Ј ETS (Kempers-Veenstra et sites in the 5Ј ETS (Shumard and Eichler, 1988) . Thus, al., 1986; Melekhovets et al., 1994) leads to maturation binding of evolutionarily conserved snoRNPs may exof the 25S 3Ј end. Because we did not identify the 3Ј pose different parts of the pre-rRNA for cleavage by ETS processing sites that require RNAse III in vivo, we nucleases with different structural requirements in difare not sure whether the cleavage product generated ferent organisms, but with the same net effect on preby the fusion protein in vitro is an accurate reflection of rRNA processing. natural 3Ј ETS processing. Cleavage at ϩ21 is consistent We have been unable to detect A1 cleavage by RNase with a 5Ј terminus observed in cleaved minigene 3Ј ETS III in vitro. During processing in vivo, A0 precedes A1, transcripts in vivo (van der Sande et al., 1989) . We find and it is not known whether A1 processing strictly deno indication in vivo for termination of transcription at pends on cleavage at A0. Recently, mutations in the 5Ј the REB1-dependent polI termination sites reported ETS near these processing sites have been tested in from in vitro studies (Lang and Reeder, 1993) . vivo (Venema et al., 1995) . Mutations at the A1 site affect
In a variety of eukaryotes, the potential to form exthe accuracy and efficiency of A1 cleavage without eftended stem loop structures is present in the sequences fect on A0, despite disruption of the paired region confollowing the mature 3Ј end of the large rRNA (Kass et taining the A0 cleavage site (Venema et al., 1995) . E. al., 1987; Gonzalez et al., 1990; Melekhovets et al., 1994) , coli RNase III cleaves internal loops adjacent to duplex suggesting that RNase III-dependent removal of the 3Ј regions (Nicholson et al. 1988) , and if the yeast enzyme ETS may be general. In frog oocytes, depletion of U8 is similar, such mutant substrates might still be cleaved.
snoRNA blocks 3Ј ETS removal (Peculis and Steitz, Additional work will be needed to define the substrate 1993), showing that 3Ј ETS processing is snoRNA derequirements for A0 cleavage in vivo and in vitro, and pendent in vertebrates. Although neither a yeast U8 hoto determine whether the RNase III dependence of A1 molog nor a frog RNase III homolog has yet been identicleavage observed in vivo (Figure 3) is direct or indirect.
fied, the 3Ј ETS processing phenotypes of U8 and RNase III depletion are similar, and it seems possible that Role of RNase III in Removing the 3 ETS RNase III may cooperate with U8 snoRNA in removing Studies using rRNA "minigenes" suggest that formation the 3Ј ETS. of the 3Ј end of 25S rRNA in yeast takes place in three steps (Kempers-Veenstra et al., 1986; van der Sande et Conservation and Divergence al., 1989; Yip and Holland, 1989) . Transcription termiof RNase III Function nates about 210 nt from the mature 3Ј end of 25S rRNA
The roles of RNase III are different in the pre-rRNA proto generate a pre-rRNA containing the 3Ј ETS. The 3Ј cessing pathways of eukaryotes and eubacteria ( Figure  ETS is then removed by two processing steps: endonucleolytic cleavage in the region spanning positions 7). Eubacteria rely on two sets of long-range interactions his3-d200/his3-d200, ura3-52/ura3-52 ura3-52, lys 2⌬, his 3-d200, prb1-1122, pep4-3, and prc1-407/ pRS316-RNT1) . Successful gene disruption was confirmed by rRNAs to generate RNase III substrates, relying instead Southern blot analysis (Rose et al., 1990) and plasmid shuffling on more locally restricted interactions (Figures 5 and 6 ).
(Sikorski and Boeke, 1991).
Sulfolobus acidocaldarius, an archaebacterium, uses a U3-like RNA in the processing of leader sequences at Gene Isolation, Sequencing, and Sequence Alignment the 5Ј end of pre-16S rRNA, a situation formally similar
Homology to bacterial RNase III was identified through an e-mail to the 5Ј ETS of eukaryotes (Potter et al., 1995; Figure BLAST search (Altschul et al., 1990) at the National Library of Medi-7). As in eubacteria, archaebacterial 23S rRNA procine (blast@ncbi.nlm.nih.gov). RNT1 was sequenced (GenBank accessing is thought to require pairing the ends of precession number U27016), using a series of subclones containing 23S rRNA. In this case, however, the duplex contains a progressive unidirectional deletions produced with exonuclease III and S1 nuclease (Henikoff, 1984) three different kingdoms, an overlapping set of compo-S. pombe pac1, GenBank accession number X54998) were aligned nents has been used to develop different strategies for using CLUSTALW (Thompson et al., 1994) stranded RNA-binding domain alignment was edited using the findIn bacteria, the stability of mRNAs is influenced by ings of Kharrat et al. (1995) .
RNase III (Court, 1993) . Though not absolutely essential in E. coli, RNase III contributes to growth (Court, 1993) ,
Isolation of the rnt1-1 Mutation
and an RNase III homolog is conserved in even the
The RNT1 gene was subcloned as a BamHI-XhoI fragment in the LEU2 plasmid pRS315 (Christianson et al., 1992) . Mutations were smallest of bacterial genomes (Fraser et al., 1995) . These pac1, has been isolated as a suppressor of a meiosis CA). Each pool was amplified by transformation into E. coli XL1-Blue and introduced into yeast carrying a disrupted chromosomal mutation (Xu et al., 1990; Iino et al., 1991) , as well as a covered RNase III activity of pac1 (D. Frendewey, perbut not at temperatures higher than 30ЊC were tested to determine sonal communication) and the suppressor phenotypes whether the temperature-sensitive (ts) phenotype was due to a muis unclear in these cases, but the effects seem unlikely tation in RNT1. One strain became temperature-resistant when retransformed with the RNT1-URA3 plasmid. DNA was prepared from to be mediated through pre-rRNA processing. The S.
the ts strain, the mutagenized LEU2 plasmid was recovered, and cerevisiae rnt1-1 mutant ceases growth within 2 hr after the insert was subcloned out. A new plasmid carrying the subcloned temperature shift (data not shown), a time when rRNA gene reproduced the ts phenotype after plasmid shuffling, confirmhas not been substantially depleted (Figure 2 ), suging the location of the rnt1-1 mutation.
gesting that yeast RNase III has an essential growth
To shift from permissive to restrictive temperature, wild-type or function in addition to rRNA processing. The involvetemperature-sensitive cells were grown to an OD 600 of 0.6 in YEPD at 26ЊC, diluted with an equal volume of YEPD at 48ЊC, and incubated ment of RNase III in pre-rRNA processing in two kingat 37ЊC.
doms and its diverse roles in bacterial RNA metabolism suggest that there may be other roles for this ancient
Northern Blot Analysis
and conserved protein in eukaryotes.
Total RNA was extracted from yeast cells and separated by electrophoresis, using 1.4% agarose gels containing 0.8% formaldehyde Experimental Procedures (Rose et al., 1990) . The RNA was transferred to Zetabind nylon membrane (CUNO Incorporated, Meriden, CT) or Hybond-N (Amersham, Arlington Heights, IL) and stained with methylene blue to Plasmids, Strains, Media Yeast was grown according to standard procedures (Rose et al., locate the 18 and 25S rRNAs . Hybridization to end-labeled oligodeoxynucleotide probes (except probe C) was car-1990). A diploid strain heterozygous for the RNT1 gene disruption was constructed by standard techniques (Rothstein, 1991) . An NcoI ried out at 30ЊC in 6ϫ SSPE, 1% SDS, 2ϫ Denhardt's, and 0.3 g/ ml denatured herring sperm DNA. The filters were washed in 6ϫ fragment carrying the RNT1 gene was end-filled with Klenow and cloned in the SmaI site of pGEM-7Zf (Promega, Madison, WI), regen-SSPE at the same temperature and exposed to film. Probe C was hybridized at higher stringency by using 2.5ϫ SSPE instead of 6ϫ erating the NcoI sites. The plasmid was digested with EcoRI, which cleaves within the conserved RNase III signature sequence, and SSPE in the hybridization and wash steps. The probes used are probe A; 5Ј-CGGGTCTCTCTGCTGCC-3Ј, complementary to a 5Ј mixed with the BamHI fragment of the HIS3 gene, and the ends were filled and ligated (Perbal, 1988) . A plasmid containing the rnt1::HIS3
ETS sequence upstream of A0; probe B; 5Ј-TTTCGCTGGGTTCTTC ATC-3Ј, complementary to 5.8S rRNA; and probe C; 5Ј-CCCGGATCA insertion was cut with NcoI to release the insert and introduced into yeast strain SS330/SS328 (MATa/MAT␣ ade2-101/ade2-101, TAGAATTC-3Ј, complementary to sequences in the 3Ј ETS.
Ribonuclease Protection
To assay cleavage of dsRNA, we incubated 0.9 pmol of pure protein with 5.75 fmol of labeled 100 bp dsRNA at 30ЊC in a buffer A probe complementary to the 3Ј end of 25S rRNA and the 3Ј ETS was derived by T7 transcription of a plasmid carrying the large containing 30 mM KCl, 10 mM MgCl2, 30 mM Tris-HCl (pH 7.5), 5 mM spermidine, 0.1 mM DTT, 0.1 mM EDTA, and 0.4 mg/ml E. coli HindIII fragment of the yeast rRNA gene and represented sequences from the HindIII site 284 nt downstream of the mature 3Ј end of 25S, tRNA, in a total volume of 20 l. Spermidine and tRNA are not essential for dsRNA-specific cleavage. to the NheI site 175 nt upstream of the mature 3Ј end of 25S. Total RNA (10 g) was incubated at 42ЊC for 12 hr with 10 5 cpm of probe Cleavage of the labeled 5Ј ETS substrate (3.3 pmol) was performed with 10 nmol of enzyme in 5 mM KCl, 10 mM MgCl 2, 30 mM Tris-HCl in 80% formamide hybridization buffer (Melton et al., 1984) . The hybridization mix was digested with 40 g/ml RNase A and 2 g/ml (pH 7.5), 5 mM spermidine, 0.1 mM DTT, 0.1 mM EDTA, and 0.4 mg/ ml E. coli tRNA, in a total volume of 10 l at 30ЊC for the indicated RNase T1 for 1 hr at 30ЊC, extracted with phenol/chloroform, ethanol-precipitated, and loaded on 6% polyacrylamide gel.
times. Unlabeled transcript was treated with the protein in the absence of tRNA as above. To map the cleavage site, we annealed 5 pmol of treated substrate to 10 pmol end-labeled 5Ј ETS/18S primer Primer Extension (Beltrame et al., 1994) and extended with reverse transcriptase. Primer extension reactions to map A0 in vivo were performed with Cleavage of the labeled 3Ј ETS substrate (5 fmol) was performed 10 g total yeast RNA and 0.2 ng of 32 P end-labeled oligonucleotide, in 30 mM KCl, 10 mM MgCl 2, 30 mM Tris-HCl (pH 7.5), 5 mM spermiessentially as described previously (Ares and Igel, 1990) , except dine, 0.1 mM DTT, 0.1 mM EDTA, and 0.4 mg/ml E. coli tRNA at that annealing was for 60 min at 37ЊC following 2 min at 95ЊC. The 30ЊC, using 0.93 pmol of enzyme. To map the site of cleavage, we oligonucleotide used in Figure 4A was J6: 5ЈACTATCTTAAAACAAG treated unlabeled substrate containing plasmid sequences, an-CAACAAGCAG3Ј, complementary to the 5Ј ETS. The oligonucleotide nealed it to end-labeled "reverse sequencing" primer (5Ј-TTTGTCGA used in Figure 5B spanned the 5Ј ETS/18S junction (Beltrame et al., TACTGGTAC3Ј) and subjected to primer extension. 1994): 5ЈCCAAATAACTATCTAAAAG3Ј.
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